The life time of forging dies is essential for economic production. The forging conditions and the characteristic tool damage vary from part to part, which makes a life time prediction very difficult. By means of three case studies, it is shown that the knowledge of the dominant damage mechanism is the key to finding out proper counter-measures or repair technologies. Best practice processing and repair technologies are discussed in this paper. Common tool materials are listed and assigned to their proper usage. Plasma-nitriding without white layer is proposed to be a good economic and technical compromise, when compared to other surface technologies. Finally, the potential of automatic tooling for die repair is pointed out.
Introduction
Due to the fact that 10 to 30% of the total costs of hot forged components are related to the forging die manufacturing, it is essential to consider powerful and economical repair technologies to increase the lifetime of hot forging dies. Important factors for the lifetime of forging dies include die material, die design, die manufacturing parameters, and forging conditions which may influence the corresponding type of failure or damage. Depending on the operation conditions and dominant damage mode, the relevant criteria for the selection of proper surface conditions and hard facing alloys are considered. Best practice repair technologies, like HSC machining, hard facing using dissimilar materials, thin vapor depositions (CVD, PVD), and special surface technologies as well as hybrid solutions, are considered regarding their characteristic properties. Similar and dissimilar consumables, like chromium carbide systems, nickel base alloys, Co-based stellites, and multi-layer coatings, are also taken into account.
Typical Failure Appearance of Forging Dies
During closed-die forging, dies are exposed to complex thermo-mechanical loading conditions [1] . The requirements for forging dies include:
High wear resistance at high temperatures Good form stability High die life time Good weldability (for repair) High thermal conductivity 
Fig. 2:
Appearance of two closed-die forging dies after about 10,000 cycles [4] Optimal surface hardness (40-44 HRC) Economic repair possibility During the contact time, the surface temperature can reach about 700°C followed by cooling due to radiation and convection in air and by water cooling. A typical temperature history is shown in Figure 1 . Depending on the local value of the most important parameters, like velocity of material flow, contact stress, contact time, local temperature as well as hardness and toughness of the tool steel, may influence the tool performance. Suitable hot work tool steels are designed to achieve high-temperature strength, wear resistance, toughness, and tempering resistance [2, 3] . Due to the fact that some parameters behave in opposite direction, there are different hot working tool steels with special profiles of the aforementioned required properties to avoid abrasion, mechanical cracking, thermal cracking, and plastic deformation. Among the failure modes, abrasive wear, which takes places in about 70% of all cases, is the most important failure mode.
Some Damage Modes in Practice
Three cases are described. Figure 2 shows two worn forging dies after about 10,000 strokes [4] . Although the tool steel is the same in both cases, it is obvious that the dominant damage mechanism is slightly different, which can only be explained by differences in the local loading conditions. On the left hand side, thermal fatigue was dominant, whereas the die on the right hand side has predominantly seen abrasion. Therefore, the measures to improve the whole situation also has to be set BHM (2017), 162. Jg., Heft 3 [5] in dependence on the damage mechanism. Even in one die, different failure mechanisms can occur, i.e. different worn locations need different surface treatments.
Case 1

Case 2
The macroscopic view of a damaged ejector of a hot forming press (Hatebur machine) is shown in Figure 3 in combination with a cross section of the multiple cracking appearance and the cracked and remaining residual fracture area. Thermal shock and the resulting thermal stresses would lead to multiple cracks.
By searching proper counter-measurements to improve the die life time, we usually ask whether we should increase hardness or ductility. By consideration of a Manson-Coffindiagram, the dilemma of restricted changeability becomes visible. Figure 4 shows the influence of hardness on the fatigue behaviour, i.e. in the low-cycle fatigue range, ductility is more important, whereas, in the high cycle fatigue range, strength becomes important. In the typical range of a forging die life -the intermediate range -, we observe almost no influence of hardness on the life time. Now, it becomes evident that different measures using different surface technologies do not show a dramatic change of the life time situation at all.
Case 3
In this case, which is similar to Case 2, an ejector of a horizontal high speed forging machine shows a complete different surface appearance at the contact area, as shown in Figure 5 together with the microstructural section and hardness profile from the outer surface to the core. The morphology gives some evidence of overheating. The microstructure in the outer region is martensitic, and the hardness profile shows that at Position 4 there is a transition from an over-tempered structure to a newly formed martensitic layer.
Due to the metallic contact, the surface temperature can reach up to 700°C. It is the mean temperature between preheating and forging temperatures under the assumption that the thermo-physical properties of the die and the forged part materials are similar. This can be verified by some annealing tests using different temperatures and times. Figure 6 shows such results, and, compared to the data in Figure 5 , it can be confirmed that the above 
Lessons Learned from the Case Studies
The degree of damage is very much dependent on the actual and local processing conditions.
A specific measure can be positive for one kind of damage, but may be counter-productive regarding other damaging forms. There is a need to consider the counteractive interactions. Remedial actions are quite successful when there is only one dominant damage mechanism (i.e. hardness increase in case of mainly wear loading). Within the transition range LCF -HCF, there is only a small effect on the life time by chances in strength or ductility. Therefore, very large effects on life time improvements should not be expected. Apart from the mechanical tool properties, there is a strong effect of crystal structure and interface surface energy on the performance, especially in the case of adhesion.
To avoid cracks and wear of forging dies, some hints can be helpful:
Homogeneous die-preheat to about 280°C Intensive cooling to avoid die base temperatures of more than 300°C Use of optimal isolating lubricants to avoid contact temperature at the interface of more than 650°C BHM (2017), 162. Jg., Heft 3 Reduction of contact time by optimal ejection technique Sufficient long cooling phase between the strokes Common forging die materials are shown in Table 1 .
Typical Repair Methods Applied to Worn Forging Dies
As described in [4, 6] , there are several repair methods in practical use to prolong the life time of tools or to reduce tooling costs. Depending on the actual wear mechanism, hard coatings including nitriding are proper means to increase the abrasion resistance, whereas Stellites are better for high thermal loading. An overview of the repair technologies in practical use is shown in Figure 7 .
The workflow for maintenance of dies comprise the following steps: In case of cladding using Stellite, it is important to know the hardness at 500°C and not at room temperature [7] . Depending on the W-content, several types are available. It is known that, due to hardness differences, Stellite 6 behaves better in case of forging presses compared to Stellite 21; the latter is better suitable for forging hammers.
It has been reported that plasma-nitriding is a favoured surface technology, whereby the best performance could be achieved without a white nitride layer. An optimal processing temperature is about 500 to 540°C [8] . There are trials using duplex layers in the sequence: nitriding plus PVD or CVD or PACVD [9, 10] . Due to economic reasons, these technologies are seldomly applied.
Repair cabins using automatic controlled welding robots are more interesting. The worn dies are scanned using laser scanning systems, and data are compared with the original design data.
Depending on the coordinate differences, a diode laser and filler powder are used for weld cladding. With a mechanical treatment using a 5-axis contour HSC milling, the final shape is given. A post weld heat treatment may be applied to reduce residual stresses.
Conclusions
There is no single method which can be applied successfully to all cases. The choice of an optimal repair method is rather dependent on the understanding of the primary damaging mechanism, which is again dependent on various factors like hammer/press, shape complexity, local sliding speed, temperature at the interface, contact time, etc.) Counter measures can counteract each other, e.g. a hardness increase has a negative effect on toughness. A permanent documentation of actual processing conditions combined with a damage measurement can be significant to understand the vital phenomena, which are, of course, system dependent. Due to the fact that the extent of damage is locally different, the counter measures also need to be different depending on the location. Automatisation or mechanised repair cabins using robots can be good economical solutions for maintenance. The planned die life time has to be considered with respect to the batch size of the forging order. 
